Regenerative medicine is predicated on understanding the mechanisms regulating development and applying these conditions to direct stem cell fate. Embryogenesis is guided by cell-cell and cell-matrix interactions, but it is unclear how these physical cues influence stem cells in culture. We used human embryonic stem cells (hESCs) to examine whether mechanical features of the extracellular microenvironment could differentially modulate mesoderm specification. We found that, on a hydrogel-based compliant matrix, hESCs accumulate β-catenin at cell-cell adhesions and show enhanced Wnt-dependent mesoderm differentiation. Mechanistically, Src-driven ubiquitination of E-cadherin by Cbl-like ubiquitin ligase releases P120-catenin to facilitate transcriptional activity of β-catenin, which initiates and reinforces mesoderm differentiation. By contrast, on a stiff hydrogel matrix, hESCs show elevated integrin-dependent GSK3 and Src activity that promotes β-catenin degradation and inhibits differentiation. Thus, we found that mechanical features of the microenvironmental matrix influence tissue-specific differentiation of hESCs by altering the cellular response to morphogens.
INTRODUCTION
Regenerative medicine is predicated on understanding the molecular basis of tissue-specific differentiation and then judiciously applying the appropriate soluble and physical cues to optimize stem cell fate. Although much is known about the role of morphogens and transcription factors in stem cell fate specification, less is known about how physical cues modulate stem cell behavior. Thus, while it is appreciated that mechanical cues can dramatically affect cell fate (McBeath et al., 2004) , little is known about how extracellular forces are translated into intracellular signals to direct tissue-specific differentiation and development. Cells undergoing the coordinated processes involved in embryonic development require dynamic and reciprocal changes in cytoskeletal organization, which affect mechanical inputs via changes in tension at cell adhesions between cells and between cells and their extracellular matrix (ECM). Indeed, many developmental processes require mechanical signaling at cell-cell adhesions (Simôes et al., 2014; Weber et al., 2012) and tension at the cell-ECM interface (Crawford et al., 2003; Pines et al., 2012) . Consistently, knockout of E-cadherin in cell-cell adhesions is embryonic lethal during epiblast formation before implantation (Riethmacher et al., 1995) , while loss of integrin β1-containing cell-ECM adhesions causes embryos to degenerate soon after implantation and inhibits mesoderm formation (Stephens et al., 1995) . These studies imply that coordination of cell adhesions is likely a key mechanism whereby mechanics regulate tissue-specific development, though the molecular mechanisms that link cell adhesion to mechanics to direct development remain unclear. A more thorough understanding of how these signals guide developmental processes will inform the generation of differentiation strategies that faithfully recapitulate the complexity of mature tissues and organs.
Tissue architecture during morphogenesis is controlled in part by the mechanical properties of the tissue substrate, and this effect and the underlying mechanisms can be studied using engineered matrices of tunable stiffness (Paszek et al., 2005; Yeung et al., 2005) .
Functionalized polyacrylamide substrates (PA gels) have revealed a role for ECM stiffness in directing the neurogenic, myogenic, or osteogenic fate of mesenchymal stem cells (Engler et al., 2006; Gobaa et al., 2015) , and they have demonstrated that substrate stiffness affects the self-renewal potential of pluripotent stem cells (Chowdhury et al., 2010) . Our studies using optimized functionalized PA gels showed that human embryonic stem cells (hESCs) exhibit striking changes in actin organization in response to ECM stiffness, consistent with differences in cell-cell and cell-ECM adhesions (Lakins et al., 2012; Przybyla et al., 2016) , and differential cytoskeletal organization within hESC colonies has been linked to changes in differentiation potential (Rosowski et al., 2015) . The tissue-level architecture of embryoid bodies (EBs) made from pluripotent stem cells can also influence differentiation potential (Bauwens et al., 2008) , so the ability to control tissue architecture via altering substrate stiffness could avoid the heterogeneity frequently encountered using EBs while providing a tunable parameter for optimization of pluripotent stem cell differentiation.
The embryonic process of mesoderm specification during gastrulation requires mechanically driven coordinated cell rearrangements as cells undergo an epithelial-mesenchymal transition (EMT) to migrate into the primitive streak. Mesoderm specification requires many spatiotemporally regulated signals, including Wnts, which are expressed at the primitive streak (McMahon, 1992) and are required for both mesoderm differentiation and EMT (Howard et al., 2011; Lindsley et al., 2006) . The Drosophila homolog of β-catenin, a downstream effector of Wnt, is a mechanoregulator of transcription during gastrulation (Farge, 2003) and β-catenin is activated by mechanical loading during bone development (Hens et al., 2005; Kang and Robling, 2015) , indicating its mechanosensitivity (Ou and Weaver, 2015) . Accordingly, the association of β-catenin with cell-cell adhesions and its regulation by cell-ECM signaling suggests that it may transduce adhesion-dependent force cues within the cell as a critically conserved node in mechanotransduction during development. The involvement of Wnt/β-catenin signaling in mediating mechanosignaling during mesoderm differentiation may, therefore, represent a system in which to study how changes in cytoskeletal organization affect cell-cell and cell-matrix contacts to influence response to differentiation cues and regulate developmental fate. Protocols exist to induce mesoderm specification of hESCs (Evseenko et al., 2010) , and geometric confinement of pluripotent stem cells was found to trigger differentiation into regionally organized ectoderm and mesendoderm (Warmflash et al., 2014) . Here we leverage our ability to grow and differentiate hESCs on PA gels to explore how mechanical signals can integrate with soluble signals to regulate embryonic specification by differentially modulating cell-cell versus cell-ECM adhesion.
RESULTS

Substrate Compliance Does Not Affect hESC Self-Renewal
We first examined the impact of ECM stiffness on hESC phenotype using gels functionalized with reconstituted basement membrane (rBM) that spanned a broad range of stiffness using an approach we previously described (Lakins et al., 2012; Przybyla et al., 2016) . Briefly, hESCs were plated at high cell densities using 3D printed guides to rapidly form adherent, monolayered circular colonies with a diameter similar to the size of gastrulation-stage embryos (3 mm).This approach reduced the time to form coherent colonies from 8 to 10 days on the softest gels (Lakins et al., 2012) and normalized it to 3 days across the stiffness range. We found that hESCs remained viable, but they exhibited differences in morphology in response to stiffnesses that ranged from a soft substrate analogous to the stiffness of the gastrulation-stage embryo (E = 400 Pa) (Majkut et al., 2013) to much stiffer gels (E = 60 kPa) on which hESCs morphologically recapitulated hESCs cultured on tissue culture plastic (TCP; E = ~3 GPa, Hollinger, 2011) . On the softest gels, hESCs assembled a columnar epithelium with extensive apical circumferential actin networks and pronounced cell-cell associations, while they spread appreciably and formed abundant basal actin stress fibers that emanated from cell-ECM contacts in response to the stiffest gel ( Figure 1A ). Although we observed a modest but significant enhancement of cell viability in the hESCs plated on the softest gels ( Figure S1A ), their proliferation was similar regardless of substrate stiffness ( Figure 1B ) and their rate of cell growth was equivalent ( Figure S1B ).
Importantly, 5 days after culture, gross measures of pluripotency, including mRNA levels of the self-renewal markers Nanog and Oct4 (Figures 1C and S1C) and Oct4 protein ( Figure   1D ), remained unchanged. Moreover, hESCs re-plated onto fibroblast feeders from either the soft substrate or the stiff substrate adhered, spread, and retained pluripotency and viability for multiple passages ( Figures 1E and S1D ). Consistently, analysis of changes in genes involved in hESC self-renewal and lineage commitment, including ectoderm, mesoderm, and endoderm markers, were similar in cells grown on soft and stiff gels ( Figures 1F and S1E ). These findings indicate that, despite a marked effect on cell morphology, ECM stiffness has little to no direct effect on hESC differentiation or pluripotency.
Compliant Substrates Enhance Mesoderm Differentiation Potential
Although substrate compliance did not directly affect the differentiation of hESCs, the striking similarity in cytoarchitecture between hESCs on 400 Pa substrates to cells in the pregastrulation epiblast prompted us to ask whether hESCs would differentiate differently in response to exogenous morphogens associated with gastrulation. Directed differentiation protocols have been amended to include strategies that tune substrate stiffness to physiological levels to improve the differentiation potential of human mesenchymal stem cells and adult neural stem cells (Gobaa et al., 2015; Keung et al., 2011) and to enhance the propagation potential of adult satellite stem cells (Gilbert et al., 2010) . Accordingly, we asked if the differentiation behavior of hESCs could be modified by culture on a substrate that approximated the stiffness of the gastrulation-stage embryo (400 Pa). Because mesoderm is specified early during gastrulation and represents a motile population that is responsive to mechanical cues, we applied a differentiation protocol designed to generate multipotent mesoderm progenitors (Evseenko et al., 2010) to hESCs plated as monolayers on rBM (Figure 2A ). On day 3.5 after the induction of mesoderm differentiation, we noted a significant increase in the percentage of cells expressing NCAM, a marker of mesoderm progenitor differentiation, in the hESCs on soft substrates as compared to those on the stiffer substrates ( Figure 2B ). Transcriptome-wide RNA-sequencing (RNA-seq) analysis confirmed that the increase in NCAM expression was accompanied by the upregulation of several mesoderm markers as well as genes reflecting the associated EMT ( Figure 2C ; Table S1 ).
When we grouped the differential gene expression into gene ontology categories, we clearly observed a significant upregulation of terms involving mesoderm progenitor differentiation, morphogenesis, and development ( Figure S2A ), but not endoderm or ectoderm differentiation ( Figure S2B ).
We validated the downregulation of self-renewal markers ( Figure S2C ) and the upregulation of a panel of mesoderm and EMT markers at the mRNA ( Figure 2D ) and protein levels ( Figures 2E and 2F ) in hESCs differentiated on soft, embryo-like as compared to stiff substrates. We also demonstrated that our observation was not confined to only one hESC line ( Figures S2D and S2E) . We found that E-cadherin levels dropped significantly following differentiation on hydrogels or on TCP ( Figure 2G ), consistent with the loss of Ecadherin expression observed upon initiation of EMT (Huber et al., 1996; Takeichi, 1995) . We found no evidence for differences in cell proliferation, as indicated by phosphoHistoneH3 staining in differentiating hESCs on soft versus stiff matrices ( Figure S2F ). Moreover, prolonged incubation of morphogen-differentiated cells did not enhance mesoderm or EMT marker induction in the hESCs on the stiff matrices, thereby confirming the specificity of the enhanced differentiation induced on the compliant ECMs ( Figure S2G ). Importantly, the mesoderm progenitor cells generated on soft substrates could be further differentiated to generate mesenchymal stromal cells ( Figure S2H ) and cardiomyocytes (Figures S2I and S2J; Movie S1), emphasizing the functionality of the resulting mesoderm progenitors, as has been demonstrated previously (Evseenko et al., 2010) . These findings not only reveal that recreating the substrate compliance of the developing human embryo significantly enhances the ability of hESCs to differentiate toward mesoderm progenitors, they argue that substrate stiffness per se is insufficient and must synergize with developmental morphogens. Likewise, developmental morphogens are similarly insufficient and also must synergize with substrate stiffness, since lineages such as cardiomyocytes are clearly suppressed by stiff substrates, particularly with respect to their contractility dynamics (Majkut et al., 2014) .
Wnt Signaling Is a Necessary Component of Compliance-Mediated Mesoderm Differentiation
We next explored how the tissue-level organization dictated by substrate compliance potentiated mesoderm progenitor differentiation. Noting that the Wnt family of secreted proteins is involved in both mesoderm differentiation (Lindsley et al., 2006) and EMT (Howard et al., 2011) , we checked whether secreted Wnts were upregulated upon mesoderm induction of hESCs to potentiate autocrine signaling ( Figure 3A ). We quantified higher levels of Wnt mRNAs in cells differentiated on soft embryo-like versus stiff gels (Figures 3B and S3A), corresponding to an upregulation in protein expression of Wnt3a ( Figure 3C ), an essential mesoderm-inducing morphogen (Takada et al., 1994) . Evidence of Wnt functionality was indicated using a 7×TCF-GFP reporter hESC line to assess transcriptional activity downstream of Wnt signaling. We found higher Wnt target transcriptional activity in hESCs differentiated on soft versus stiff gels, and we noted that addition of the Wnt inhibitor IWP2 repressed this activity ( Figure 3D ).
To directly implicate Wnt signaling in mesoderm differentiation, we assessed the ability of IWP2 to inhibit mesoderm differentiation. Consistently, we noted that Wnt inhibition caused a decrease in mRNA and protein mesoderm marker induction ( Figures 3E and 3F ). Conversely, adding recombinant Wnt3a to cells on stiff substrates enhanced their ability to differentiate toward mesoderm ( Figure 3G ). Moreover, consistent with the notion that functional Wnts are secreted by cells on soft substrates, when we added conditioned media from cells grown on soft gels to cells on stiff gels, we noted a significant enhancement of their differentiation ( Figure 3G ). Likewise conditioned media from cells on stiff substrates decreased mesoderm markers in hESCs induced to differentiate on soft gels ( Figure 3H ), findings suggesting that cells on stiff gels may secrete factors that are inhibitory to Wnt signaling or mesoderm induction.
Indeed, we detected elevated mRNA and protein levels of the Sfrp family of soluble secreted Wnt inhibitors in hESCs differentiated on the stiff gels ( Figures 3I, 3J , and S3B). Of these, Sfrp1, which binds and inhibits Wnt3a extracellularly (Wawrzak et al., 2007) , was the most dramatically increased. Consistently, we quantified higher levels of Sfrp1 in hESCs differentiated on compliant gels when they were treated with IWP2, whereas we detected a decrease in cells on stiff gels in the presence of recombinant Wnt3a ( Figure 3K ). Further analysis revealed that multiple secreted factors that function as autocrine regulators of mesoderm differentiation also were induced in differentiating cells on soft gels ( Figure  S3C ). These findings indicate that a substrate of compliance similar to that of an embryo enables the development of a Wnt-dependent feedforward signaling cascade that strengthens and reinforces mesoderm differentiation by enhancing the expression of Wnt activators and reducing the transcription of Wnt inhibitors. The data argue that, in the absence of a permissive microenvironment, such as on a stiff ECM, this feedforward mechanism does not become activated. This example of a self-reinforcing signaling mechanism is highly reminiscent of classic developmental programs, which frequently rely on robust, stable signal propagation to orchestrate coordinated tissue movements and to pattern tissue-specific differentiation and organization (Freeman and Gurdon, 2002) .
Stabilization of Adherens Junctions Is Required to Prime Cells for Mesoderm Differentiation
Gastrulation is a highly orchestrated process that requires precisely timed changes in intracellular protein expression and localization. We observed high Wnt transcript levels in hESC colonies but only following their morphogen-induced differentiation (Figures 4A and S4A) , analogous to the strong upregulation of Wnt3a observed in the differentiating mesoderm cells migrating into the primitive streak during gastrulation (Chapman et al., 2004) . Wnt acts canonically in vivo to stabilize β-catenin and enable its nuclear translocation and gene transcription activity, and, consistently, we observed a significant increase in nuclear β-catenin in differentiating hESC colonies ( Figure 4B ). We therefore asked whether hESCs on the soft gels were primed to upregulate Wnts prior to mesoderm differentiation ( Figure 4C ).
The Wnt/β-catenin axis plays a critical role throughout early embryogenesis, where the levels and function of β-catenin are regulated through several mechanisms, including its spatial localization, stabilization, and degradation (Wang and Wynshaw-Boris, 2004) . Thus, while β-catenin is required for mesoderm differentiation (Haegel et al., 1995) , β-catenin transcripts also are expressed earlier, throughout pre-streak and gastrulation-stage chick embryos (Schmidt et al., 2004) , and β-catenin is involved in the initiation of primitive streak formation (Skromne and Stern, 2001 ). Therefore, we explored the role and status of β-catenin in undifferentiated hESCs cultured on substrates that recapitulate soft, embryo-like mechanical conditions. We found that hESCs on soft substrates had higher levels of β-catenin protein than hESCs on stiff gels ( Figure 4D ) and that β-catenin was primarily localized at cell-cell junctions ( Figure 4E) . Interestingly, the expression of β-catenin in hESCs cultured on TCP was similar to that found in hESCs plated on the stiff gels, and it was considerably reduced when compared to the levels found in hESCs plated on the soft gels and the levels observed in EBs of hESCs ( Figure S4B ).
We previously noted that hESCs cultured on soft substrates exhibit strong cell-cell adhesive forces (Lakins et al., 2012) , so we checked whether β-catenin co-localized with E-cadherin and P120-catenin at cell-cell junctions. We observed localization of E-cadherin and P120-catenin together with β-catenin at cell-cell junctions in undifferentiated hESC colonies plated on compliant substrates ( Figure 4F ). In agreement with adherens junction (AJ)-mediated stabilization of β-catenin and P120-catenin in hESCs on soft gels, small hairpin RNA (shRNA) knockdown of E-cadherin ( Figure S4C ) disrupted β-catenin and P120-catenin localization at cell-cell junctions ( Figure 4F ), while knockdown of either β-catenin or P120-catenin ( Figures S4D and S4E ) correspondingly disrupted E-cadherin localization at cell-cell junctions ( Figure S4F ), suggesting a reciprocal stabilization of cell-cell AJs ( Figure  4G ).
Though E-cadherin is required for formation of the embryonic epiblast (Riethmacher et al., 1995) , cells that undergo EMT and ingress into the primitive streak to differentiate into mesoderm lose E-cadherin protein expression (Dady et al., 2012) and shift from strong cellcell to strong cell-ECM adhesions (Burdsal et al., 1993) . In keeping with the induction of embryonic mesoderm in our system, we observed a marked downregulation of E-cadherin following differentiation of hESCs on soft substrates ( Figure 2G ). We therefore explored the molecular mechanisms regulating the cell-cell to cell-ECM adhesion switch accompanying mesoderm differentiation. We added differentiation media to hESCs in which β-catenin, Ecadherin, or P120-catenin had been knocked down to determine whether AJ stabilization was critical for mesoderm specification. Consistent with this idea, we found that loss of any one of these AJ-associated proteins diminished mesoderm differentiation of the hESC colonies ( Figures 4H and S4G ). These findings suggest that hESCs on compliant substrates assemble prominent AJs that then prime them for morphogen-induced, Wnt/β-catenindependent mesoderm differentiation, possibly by amassing a critical pool of β-catenin and facilitating β-catenin-dependent transcription.
Protein Expression and Localization Is Compliance Dependent and Functional
To explore whether a soft matrix primes hESCs for mesoderm differentiation by altering cell-cell and cell-ECM adhesion composition, we assessed the proteins associated with the cell-cell and cell-ECM adhesions in hESCs cultured on soft versus stiff gels ( Figure 5A ).
Consistent with a reciprocal interplay between cell-cell adhesion stability and cell-ECM tension controlled by substrate stiffness, we observed significantly lower E-cadherin levels in hESCs on stiff gels (Figures 4D and 5B) and more activated integrin β1 ( Figure 5B ). The activated integrin β1 was localized to the cell-ECM interface in the same region as actin stress fibers, reminiscent of the enhanced integrin-mediated cell contractility previously documented at focal adhesions in cells on stiff gels (Paszek et al., 2005) . Moreover, knockdown of E-cadherin in hESCs on soft gels not only disrupted AJs ( Figure 4F) but also increased the level of activated integrin β1 at the cell-ECM adhesions ( Figure 5C ). Conversely, disrupting cell-ECM contacts in hESCs on stiff gels using a neutralizing antibody (AIIB2) that blocks integrin β1 activity not only inhibited cell-ECM adhesion but also enhanced cell-cell interactions, as indicated by increased E-cadherin and β-catenin protein localized to the cell-cell junctions ( Figure 5D ) and higher total β-catenin ( Figure  5E ). Importantly, inhibiting β1 integrin adhesions in hESC colonies on stiff gels significantly enhanced their mesoderm differentiation ( Figure 5F ), whereas disrupting cellcell adhesions in hESC colonies on soft gels reduced their differentiation ( Figure 4H) . Thus, by reducing cell-ECM adhesions and stabilizing E-cadherin-containing AJs, hESCs plated on soft gels are primed for Wnt/β-catenin-dependent mesoderm differentiation.
β-Catenin Is Destabilized and Degraded in Cells on Stiff Substrates
To determine how a soft ECM could prime hESCs for mesoderm differentiation, we explored whether matrix compliance influences β-catenin levels. β-catenin is primarily regulated post-transcriptionally during development (Wodarz and Nusse, 1998) ; therefore, we first assessed the impact of ECM stiffness on β-catenin degradation ( Figure 6A ). Consistently, although β-catenin protein levels were substantially lower in hESC colonies on stiff versus soft substrates ( Figure 4D ), mRNA levels were not significantly different ( Figure  6B ). Moreover, treatment of hESCs with a low dose of the multi-catalytic proteasome inhibitor MG132 increased cellular β-catenin protein in the hESCs on the stiff gels ( Figure  6C ) and enhanced morphogen-stimulated mesoderm differentiation ( Figure 6D ). These data reveal that a stiff ECM compromises hESC mesoderm differentiation by enhancing β-catenin degradation.
Proteasomal degradation of ubiquitinated β-catenin proceeds once free β-catenin is phosphorylated by GSK3β at ubiquitin ligase recognition sites (Stamos and Weis, 2013) . We found a higher fraction of active (unphosphorylated at S9) GSK3β in hESCs on stiff substrates ( Figure S5A ). Moreover, blocking GSK3β activity by addition of the inhibitor CHIR99021 in hESCs on stiff gels increased the amount of β-catenin and E-cadherin localized at cell-cell junctions ( Figure 6E ) and, in response to morphogens, elevated nuclear β-catenin ( Figure S5B ) to potentiate mesoderm differentiation ( Figure 6F ). However, GSK3β has not been reported to phosphorylate β-catenin residing within AJs, suggesting that additional mechanisms must exist to destabilize AJs in hESCs on the stiff gels. In keeping with this prediction, we noted that knockdown of Cbl-Like 1 (CBLL1, also known as HAKAI; Figure S5C ), an E3 ubiquitin ligase that promotes the internalization of Ecadherin (Fujita et al., 2002) , increased levels of E-cadherin and β-catenin ( Figure 6G ) and enhanced the efficiency of morphogen-stimulated mesoderm differentiation in hESCs on stiff gels ( Figure 6H ). These findings imply that, on a stiff substrate, elevated CBLL1 activity targets E-cadherin internalization to destabilize AJs and release β-catenin into the cytoplasm, where it is rapidly marked for proteasomal degradation and rendered nonavailable for mesoderm differentiation induction.
CBLL1 is activated by Src-family kinases (SFKs) (Fujita et al., 2002) , and SFKs are stimulated by integrin adhesion-associated kinases downstream of myosin-based cell contractility (Huveneers and Danen, 2009; Webb et al., 2004) . We detected abundant activated (phosphorylated) SFKs in hESCs on stiff gels and low levels of inactive SFKs, and we noted that this could be reversed by treatment with a function-blocking antibody to β1 integrin ( Figure 6I ), consistent with our prior observations that hESCs on stiff gels assemble prominent stress fibers and have high activated β1 integrin at the cell-ECM interface ( Figures 1A and 5B) . By contrast, the majority of the SFKs in the hESCs on the soft gels were inactive and localized at cell-cell junctions ( Figure S5D ). Directly inhibiting SFKs in the hESCs on the stiff gels using a pharmaceutical inhibitor (PP1) not only ablated stress fibers ( Figure S5E ) but also increased β-catenin ( Figure 6J ), further implicating integrindependent SFK activation of CBLL1 in AJ destabilization ( Figure 6K ). These data mechanistically illustrate why cell-ECM adhesions inhibit priming of hESCs for mesoderm differentiation.
Reorganization of Junctionally Localized Proteins upon Induction Drives Mesoderm Differentiation
Thus far we established that AJ stabilization generates a critical pool of β-catenin required to prime hESCs for morphogen-stimulated mesoderm differentiation. We next explored how the junctionally stabilized pool of β-catenin was released following morphogen stimulation to initiate the mesoderm gene transcription critical for tissue-specific differentiation. Prior studies demonstrated strong synergy between SFK activation and growth factor receptor signaling (Wang et al., 2005) . We therefore assessed whether morphogen stimulation of hESCs on soft gels was sufficient to activate SFKs and could induce the release of β-catenin from AJs through CBLL ubiquitin ligase-mediated E-cadherin endocytosis. In keeping with this idea, we observed the rapid phosphorylation (within 2 hr) of junctional SFKs in hESCs on soft gels following morphogen stimulation ( Figure 7A ). As an in vivo correlate, we monitored SFK activation in a gastrulation-stage chick embryo, focusing on the region where mesoderm cells were specified as they ingressed into the primitive streak ( Figure 7B ). Consistent with our results in differentiating hESCs, we observed that the chick cells in the epiblast displayed junctionally localized, non-phosphorylated SFKs, whereas cells ingressing to form mesoderm instead upregulated the level of phosphorylated SFKs ( Figure  7C ). Expression of inactive SFKs in the epiblast localized with actin at cell-cell junctions ( Figure S6A ), whereas activation of SFKs in the ingressing cells occurred in tandem with an upregulation of NCAM in this population ( Figure S6B ). Consistent with a link between SFK activation and CBLL1-mediated AJ breakdown, CBLL1 knockdown in differentiating hESCs on soft gels prevented E-cadherin downregulation ( Figure 7D ), indicating a role for CBLL1 in initiating the EMT associated with mesoderm induction. Similarly, we observed that CBLL1 was expressed in both the epithelial and ingressing cells of the gastrulating chick embryo (Figure S6C ), consistent with its role in EMT.
When AJs break down and β-catenin is released in hESCs differentiating on soft substrates, it is not degraded as in hESCs on stiff gels, but instead it is able to enter the nucleus ( Figure  4B ) and transcribe target genes ( Figure 3D ). This is due in part to less active GSK3β in cells on soft gels ( Figure S5A) , and also to the release of P120-catenin from AJs into the cytoplasm, where it sequesters Kaiso, a transcriptional inhibitor of β-catenin (Del VallePérez et al., 2011; Kourtidis et al., 2013) . Indeed, Kaiso was excluded from the nucleus in cells differentiated on soft substrates, whereas it was both cytoplasmic and nuclear in hESCs on stiff substrates unless GSK3 also was inhibited ( Figures 7E and 7F) . Thus, hESCs on soft gels stabilize β-catenin and also potentiate its transcriptional activity, and these two effects combine to reinforce mesoderm differentiation ( Figures 7G and 7H) . By contrast, mesoderm differentiation efficiency is significantly compromised in hESCs plated on a stiff gel because β-catenin levels are neither stabilized nor is its transcriptional activity enhanced; rather, β-catenin transcriptional activity is actively repressed in hESCs on a stiff gel through the accumulation of nuclear Kaiso. Importantly, however, mesoderm differentiation can be driven in hESCs on a stiff gel either through pharmacological intervention or via genetic modification of key pathways that increase β-catenin levels and/or activity ( Figure 6K ). These findings illustrate how substrate stiffness dictates the temporally coordinated interplay between cell-cell and cell-ECM adhesions to orchestrate the rapid and synchronous induction of mesoderm progenitor differentiation through a series of interwoven, reinforcing pathways that converge on the engagement of a Wnt/β-catenin-signaling circuit.
DISCUSSION
Here we identified tissue-level organization as a key regulator of morphogen-dependent hESC fate. Using BM-conjugated PA gels of tunable stiffness, we showed that culture conditions that favor cell-cell adhesion over cell-ECM adhesion permit the synchronous and efficient induction of Wnt-dependent mesoderm progenitor differentiation of hESCs. Importantly, hESC mesoderm differentiation was not influenced solely by ECM stiffness, but rather it was amplified in response to soluble cues, thus reinforcing earlier work suggesting that tissue tension modifies cell behavior by altering the context of cell signaling (Levental et al., 2009; Mouw et al., 2014) . Through the identification of molecular mechanisms whereby tissue tension directs stem cell fate and via prudent genetic and pharmacologic manipulation, we were able to demonstrate how hESC differentiation protocols can be optimized to direct early progenitor specification.
Our findings obtained using this simplified hESC system not only build on prior knowledge of Wnt-dependent mesoderm specification during embryogenesis derived from model organisms but also definitively link Wnt-stimulated developmental programs to a tightly coordinated cytoskeletal-linked adhesion-directed mechanosignaling pathway. Indeed, we were able to validate our findings linking Src signaling in hESC mesoderm differentiation in an in vivo chick model of gastrulation, thereby gaining new insight into embryonic development. Accordingly, our work illustrates and validates the utility of the ECM gelhESC model for interrogating the underlying mechanisms whereby tissue organization and cytoskeletal tension within an embryo direct tissue development. Our study therefore emphasizes the power of this simplified system to identify mechanosensitive molecules involved in early differentiation, to inform directed differentiation protocols required for tissue engineering, and to gain a deeper understanding of regulatory systems in embryonic development.
We found that morphogen stimulation of hESCs on soft substrates induced SFK activation at the cell-cell interface, and we determined that this led to the disassembly of AJs through activation of the ubiquitin ligase CBLL1. AJ destabilization released P120-catenin to mediate β-catenin nuclear translocation, resulting in mesoderm-reinforcing transcriptional activity. These findings are consistent with studies in Drosophila, Xenopus, and zebrafish, which showed that CBLL1 is required for mesoderm morphogenesis (Kaido et al., 2009 ) and that SFKs, P120-catenin, and β-catenin are involved in gastrulation (Denoyelle et al., 2001; Fang et al., 2004; Haegel et al., 1995) . By connecting the developmental roles of these molecules to a mechanically regulated pathway, our study builds on previous work demonstrating that a β-catenin homolog acts as a mechano-transducer (Farge, 2003) and that β-catenin is translocated to the nucleus downstream of mechanically regulated Src (Desprat et al., 2008) . Our finding that the ubiquitin ligase CBLL1 is involved in mesoderm specification is particularly interesting given that prior studies have shown that proteasome inhibition is detrimental to development (Shin et al., 2010; Velentzas et al., 2011) . These data raise the intriguing possibility that additional ubiquitin ligases may play a critical role in embryogenesis and warrant further investigation. Together, these data connect and extend known findings to establish a mechanically regulated pathway that is involved in amniote mesoderm differentiation, thereby demonstrating how our system can uncover novel mechanisms that regulate embryogenesis.
Our work indicates that, by optimizing the mechanical properties of the extracellular substrate, mesoderm differentiation of hESCs can be enhanced and the relevant signaling pathways identified, manipulated, and potentiated to direct cell fate specification. We showed that AJs formed readily in hESCs on soft substrates, yielding a population that was competent for efficient differentiation. Practically, such an approach would be difficult to scale up for therapeutic applications. However, we also showed that treatment of hESCs grown on stiff substrates with a GSK3β inhibitor to stabilize β-catenin significantly augmented AJ formation and increased the efficiency of subsequent mesoderm induction, thereby providing an approach that could be implemented for hESCs differentiating on TCP, where baseline β-catenin levels are similar to those on stiff substrates. In addition, our results provide a potential mechanistic framework for understanding a classic approach to ex vivo differentiation of ESCs, the formation of multicellular EBs. Although differentiation of EBs may be augmented by the addition or withdrawal of exogenous morphogens, it is primarily spontaneous and begins once cells are aggregated in suspension. This implies that endogenous signals are sufficient to initiate differentiation, as shown when endogenous Wnts caused local differentiation of mesendodermal progenitors in EBs (ten Berge et al., 2008) . Cells in EBs have maximal levels of cell-cell interactions reflected in their prominent AJs, and, at this extreme, we conjecture that cells in EBs may be poised to respond to endogenous differentiation-inducing signals at lower levels than those required to drive differentiation in hESCs grown on soft substrates. Therefore, the use of tuned ECM substrates and uniform populations of hESCs provides a pluripotently metastable population that can be induced by exogenous morphogens to achieve synchronous, uniform mesoderm progenitor differentiation. Accordingly, our model provides a facile approach with which to manipulate and optimize hESC differentiation and to generate mature cell types for therapeutic applications as well as a tractable system in which to study early tissue development.
Our results also have potential implications for understanding early embryonic development. During development, the apolar inner cell mass (ICM) gives rise to two apposed epithelial layers, the primitive endoderm and the apico-basally polarized, pseudostratified columnar pluripotent epiblast (Rossant, 2004) . In our experimental model, single epiblastic hESCs were reaggregated at high density to form an apico-basally polarized monolayer similar in size and shape to the epiblast in vivo. In this system, AJ re-formation was rate limited posttranscriptionally in cells on stiff substrates due to low β-catenin and E-cadherin levels, which resulted in the failure of hESCs to effectively differentiate to mesoderm. This bottleneck was rapidly overcome in hESCs on soft substrates, indicating that we can use this system to mimic the organization of cells in the pluripotent epiblast in a controlled way. These insights underscore the likely direct interdependence among the acquisition of apicobasal polarity, AJ formation, and the competence of the epiblast in vivo to undergo gastrulation, and they suggest that, in large part, the mesoderm-inducing and/or -amplifying activity of β-catenin in vivo is supplied by β-catenin released from disassembling AJs. Under this view, the epithelialization of the epiblast from the apolar ICM may largely control the timing of gastrulation. Together, these results demonstrate that understanding how fundamental developmental processes are regulated via mechanical cues at both the tissue and the molecular levels provides novel biological insights that can be exploited to enhance therapeutically relevant directed differentiation protocols.
EXPERIMENTAL PROCEDURES Cell Culture
The hESCs (H9 and H7 lines) were routinely cultured in media consisting of KO-DMEM supplemented with 20% knockout serum replacement (Life Technologies), 2 mM Lglutamine, 1 mM non-essential amino acids, 1× penicillin-streptomycin, 100 μM β-mercaptoethanol, and 10 ng/ml bFgf (Global Stem). Routine passaging was performed with collagenase IV (Life Technologies) at 1 mg/ml. Mouse embryonic fibroblasts (MEFs) were cultured on gelatin-coated TCP substrates in DMEM supplemented with 10% fetal bovine serum (HyClone), 4 mM L-glutamine, and 1× penicillin-streptomycin. WntGFP reporter hESC line was generated using a 7×TCF-nuclear GFP construct adapted from (Fuerer and Nusse, 2010) to include a nuclear localized H2B-GFP reporter. Cells were grown at 37°C in a humidified incubator with 5% CO 2 . Work with human stem cell lines was approved by the University of California, San Francisco (UCSF) Stem Cell Research Oversight Committee study number 11-05439.
Cell Differentiation
Mesoderm differentiation was performed as previously reported (Evseenko et al., 2010) , by the addition of HSC differentiation media (Sigma) supplemented with Activin, bFgf, VEGF, and BMP4 (all PeproTech). EB formation protocol was adapted from Przybyla and Voldman (2012) for use with hESCs, using the same culture conditions as in hESC hydrogel culture.
Cardiomyocyte differentiation was performed on cells differentiated to mesoderm progenitors on 400-Pa gels by adapting from Lian et al. (2012) to begin at the Wnt inhibition stage of the differentiation time course. Differentiation to mesenchymal stromal cells was performed according to Evseenko et al. (2010) .
Hydrogel Preparation
PA hydrogels were prepared according to Przybyla et al. (2016) . Briefly, PA gels were cast on 18-mm circular coverslips using recipes calibrated for stiffness and functionalized to provide a surface for ligand to bind. Gels were coated with Matrigel (225 μg/ml) and collagen (25 μg/ml) overnight. After washing gels, cells were plated in 3-mm diameter colonies using 3D-printed plating guides (Przybyla et al., 2016) at 20,000 cells/colony. The hESCs on gels were cultured in MEF-conditioned KO-DMEM/KSR media. Rock inhibitor Y27632 was added at 20 μM when cells were plated, then progressively removed. TCP or glass coated with diluted gelatin or Matrigel was considered to have essentially the same stiffness as noncoated substrates, as the thickness of these coatings are lower than the threshold (~50 μm) at which cells can no longer sense the stiffness of an underlying hard substrate (Buxboim et al., 2010) .
Chick Embryo Manipulation
Embryos were dissected from fertilized chicken eggs (Petaluma Farms) and cultured according to Chapman et al. (2001) until Hamburger and Hamilton (HH) stage 3+ to 4, when the primitive streak is fully formed and mesodermal cells are actively ingressing (Hamburger and Hamilton, 1992; Voiculescu et al., 2014) . Gastrulation-stage embryos were fixed and stained using fluorescently conjugated phalloidin (Life Technologies), non-phosphorylated SFK antibody (Cell Signaling Technology), phosphorylated SFK antibody (Cell Signaling Technology), NCAM antibody (EMD Millipore), or CBLL1 antibody (AVIVA Biosciences) followed by fluorescently conjugated secondary antibodies (Life Technologies).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Highlights
•
Compliant hydrogel substrates enhance mesoderm differentiation of human ESCs
Stabilization of adherens junctions primes hESCs for mesoderm differentiation
• Junctional reorganization and Src activity promote nuclear translocation of β-catenin
•
On stiff gels, β-catenin degradation inhibits mesodermal differentiation Przybyla et al. Page 18 Cell Stem Cell. Author manuscript; available in PMC 2017 October 06. (F) Immunofluorescent staining shows localization of E-cadherin, β-catenin, and P120-catenin in hESCs on soft gels with and without induction of an shRNA against E-cadherin. (G) hESCs on soft gels have reciprocal junctional stabilization of E-cadherin, β-catenin, and P120-catenin. (H) mRNA expression in cells differentiated in the indicated conditions. Differentiation was performed on soft gels in each case. (J) Immunofluorescent staining in hESCs on stiff gels with or without addition of the SFK inhibitor PP1 is shown.
(K) Depiction of the proteins activated in hESCs on stiff gels that are responsible for enhancing the degradation of β-catenin. Data are represented as mean of at least three independent experiments ± SD (**p < 0.001 and *p < 0.05). All scale bars, 20 μm. See also Figure S5 . 
